

































dOral Science International 9 (2012) 38– 42
Contents lists available at SciVerse ScienceDirect
Oral  Science  International
journa l h o me page: www.elsev ier .com/ locate /os i
riginal  Article
nﬂuence  of  mouth  guards  on  autonomic  nervous  system  activities:
 quantitative  study  of  pupillary  ﬂash  responses
un-ichi  Ishidaa,∗,  Yoshiro  Wadab, Yuichiro  Imaia,  Yutaka  Hiratac,
asayuki  Yamashitab, Tadaaki  Kiritaa
Department of Oral and Maxillofacial Surgery, Nara Medical University, Kashihara, Nara, Japan
Department of Physiology I, Nara Medical University, Kashihara, Nara, Japan
Department of Computer Science, Chubu University, Kasugai, Aichi, Japan
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 29 August 2011
eceived  in revised form 29 January 2012




upillary  ﬂash responses
a  b  s  t  r  a  c  t
Background:  Recently,  it has been  reported  that  mouth  guards  (MGs),  which  reduce  the  incidence  and
severity  of  traumatic  oral  injuries  in contact  sports,  may  actually  affect  sports  performance.  We  have
observed  that  a  majority  of  subjects  showed  improved  dynamic  visual  acuity  during  head  rotation
when  using  a MG,  but subjects  who  were  unwilling  to use  a MG  showed  the  opposite  effect.  Thus,  we
hypothesized  that  unpleasant  sensations  due  to  MGs  may  decrease  sports  performance.
Methods: In  this  study,  we  measured  autonomic  nervous  system  activity  to  evaluate  unpleasant  sensations
objectively  and  quantitatively  by  measuring  the  pupillary  ﬂash  response  (PFR)  and  heart  rate  variability
(HRV),  before,  during,  and  after  wearing  3-  and  5-mm-thick  custom-made  MGs  in  10 healthy  subjects.npleasant  sensations
ports  injuries
Results: It  was  found  that  the  5-mm  MG  had  a  higher  incidence  of  unpleasant  sensations  (50%  of  subjects)
than  did  the  3-mm  MG  (10%).  PFR  (not  HRV)  analysis  showed  that  both  sympathetic  and  parasympathetic
nervous  system  activities  increased  in subjects  with  unpleasant  sensations.
Conclusions: We  suggest  that  the  unpleasant  sensation  induced  this  unusual  autonomic  nervous  system
response,  which  could  not  be  detected  by  traditional  methods  such  as  HRV  analysis.  By  using  PFR  analysis,
it  is  possible  to make  MGs  without  unpleasant  sensations  for  better  sports  performance.
© 2012 Japanese Stomatological Society. Published by Elsevier Ltd. All rights reserved.. Introduction
Athletes use mouth guards (MGs) in contact sports, such as foot-
all [1], rugby [2], boxing [1,3], ice hockey [4], and basketball [5],
ecause MGs  reduce the incidence and severity of traumatic oral
njuries, such as teeth fractures and luxation, and oral soft tissue
njuries [3,5,6]. Also, to obtain the beneﬁt of MGs, a special educa-
ional program is required to promote awareness, knowledge, and
otivation [7].
Some  studies have also reported that the use of MGs  affects
ports performance (e.g. muscle strength [8], equilibrium [9], ven-
ilatory gaseous exchange [10,11]). We  have also observed that the
ynamic visual acuity of some subjects during active head rotation
pparently improves when using a MG,  but in other subjects it had
he opposite effect [12]. As subjects with impaired dynamic visual
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oi:10.1016/S1348-8643(12)00026-2acuity tended to be unwilling to use a MG,  we hypothesized that
the unpleasant sensations caused by a MG  decrease sports perfor-
mance, including dynamic visual acuity. To test this, we needed
to evaluate these unpleasant sensations objectively and quantita-
tively.
To date, various parameters of autonomic nervous system
activity (ANSA), such as heart rate variability (HRV) [13–15], elec-
trodermal activity [15], and muscle sympathetic nerve activity [16],
have been measured to objectively evaluate pleasant/unpleasant
sensations. Robin et al. [15] reported that subjects who had fear-
ful dental experiences exhibited stronger ANSA (skin resistance and
skin potential responses) compared with non-fearful subjects. Also,
using spectral analysis of HRV, bruxism patients showed higher
sympathetic nervous system activity than did control subjects, and
these responses might be related to stress and occlusal disharmony
[14].
We investigated the inﬂuence of MGs  on ANSA by analysis of
pupillary ﬂash responses (PFRs). This method was established by
Yamaji et al. [17,18] and has the advantages that it allows indepen-
dent analysis of sympathetic and parasympathetic nervous system
activities, it is non-invasive, and it makes it possible to estimate the
instantaneous state of ANSA.
evier Ltd. All rights reserved.























































Japan), and a data-acquisition system (PowerLab, ADInstruments)
during experiments and also for control measurements for the RNL
map  at a 1-kHz sampling rate. RR intervals recorded over a 3-min
period were selected from ECG data for the HRV analysis, whichJ.-i. Ishida et al. / Oral Scien
. Materials and methods
.1.  Participants
Healthy subjects (n = 10; eight males, two females, aged 21–46
ears) who were not daily users of a MG  participated. All subjects
ad normal dentition and general medical condition without sys-
emic disease, dental disease, or oral/dental trauma. They provided
nformed consent according to the World Medical Association’s
eclaration of Helsinki.
.2.  Mouth guards
We  made custom MGs  using ethylene vinyl acetate sheets
Ercorock, Erkodent, Germany) with no taste or scent. The sheet
as formed using a thermal-forming pressure machine (Erkopress
S-200E, Erkodent). We  prepared two types of MG, 3 and 5 mm
hick. The 3-mm MGs  were made using 3-mm MG sheet, and the
alatal ﬂange was adjusted to the teeth cervical line. The 5-mm
Gs were made using 2-mm and 3-mm MG  sheets, and the hard
alate was covered.
.3.  Subjective unpleasantness scores (SUS)
Subjects were asked to verbally estimate the unpleasant sen-
ation induced by a MG after wearing and removing it. Subjective
npleasantness scores (SUS) was expressed between 100 (maximal
npleasant sensation) and 0 (no unpleasant sensation).
.4. Pupillary ﬂash response (PFR)
Pupillary ﬂash response (PFR) was monitored by goggle-type
ideo pupillography (Newopto, Kawasaki, Japan). The device was
quipped with an LED light that was controlled by a PowerLab
ystem (ADInstruments, Bella Vista, NSW, Australia), for producing
ash stimulation to the left eye and an infrared camera for record-
ng video images (30 frames/s) of the right eye. After recording,
ideo images were converted into picture images (bitmap) to
etect pupil diameter. According to the method established by
amaji et al. [17,18], we estimated a difference between the
nitial pupil diameter and that at 2.4 s after ﬂash stimulation (RA:
ecovery amount) as sympathetic nervous system activity and the
aximum velocity of pupil constriction (Vcmax: max  contraction
elocity) as parasympathetic nervous system activity. This method
as proposed by taking into account different dynamics of the iris
phincter and dilator that are innervated by parasympathetic and
ympathetic nervous system, respectively. The different dynamics
f the iris muscles were predicted by simulations of a homeomor-
hic pupillary muscle plant model [19] that demonstrated that
he initial phase of a PFR is mediated by active constriction of the
phincter whereas the late re-dilatation phase is mainly due to
he dilator relaxation. The validity of the method to independently
stimate the sympathetic and parasympathetic nervous activities
as been conﬁrmed by pharmacological experiments in human
ubjects [17] and applied successfully in various experiments
ncluding those under prolonged micro-gravity [18], hyper-gravity
20], and alternate gravity [21]. Fig. 1 shows an example data
et for PFR with RA and Vcmax. As the response dynamics of PFR
ary non-linearly depending on the initial pupil diameter, RA and
cmax should be compared with the control measurements in the
ame initial pupil diameter range to eliminate any effect of range
on-linearity (RNL) [22]. For this reason, we collected over 300
ata points with varying brightness in the room and made an RNL
ap for each subject before the experiment as proposed by Yamaji
t al. [17,18]. Based on these PFR properties, percentage sympa-
hetic nervous system activity estimated by PFR (%SNSA PFR) andFig. 1. Example of pupillary ﬂash responses. The upper ﬁgure represents change in
pupil diameter, and the lower ﬁgure represents change in pupil contraction velocity.
RA, recovery amount; Vcmax, maximum contraction velocity.
percentage parasympathetic nervous system activity estimated by
PFR (%PNSA PFR) were evaluated using the following equations:
%SNSA  PFR = 100 − 100 ×
(
RA d
RA c − 1
)
(1)
%PNSA  PFR = 100 + 100 ×
(
Vcmax d
Vcmax c − 1
)
(2)
where  RA d and Vcmax d are RA and Vcmax during the experiments,
and RA c and Vcmax c are control values obtained from the RNL map
(see Yamaji et al. [17,18] for details). Thus, %SNSA PFR (%PNSA PFR)
above 100 indicates increased sympathetic (parasympathetic) ner-
vous system activity, and %SNSA PFR (%PNSA PFR) below 100
shows decreased sympathetic (parasympathetic) nervous sys-
tem activity. Fig. 2 summarizes the possible conditions of ANSA
according to %SNSA and %PNSA for the PFR analysis.
2.5. Heart rate variability (HRV)
Electrocardiographic (ECG) data were collected continuously
using surface electrodes, an ampliﬁer (VC-11, Nihon Koden, Tokyo,Fig. 2. Relationship between change in autonomic nervous system activity and
pupillary ﬂash responses. SNSA, sympathetic nervous system activity; PSNA,
parasympathetic  nervous system activity.
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as conducted using AcqKnowledge Software (BIOPAC Systems,
oleta, CA, USA) to quantify the power spectra of RR intervals into
wo frequency bands: LF band (low frequency: 0.04–0.15 Hz) and
F band (high frequency: 0.15–0.4 Hz). The LF/HF ratio was  used to
eﬂect sympathetic nervous system activity and the HF power was
sed to reﬂect parasympathetic nervous system activity [23,24];
SNSA HRV and %PNSA HRV were estimated using the following
quations, as in (1) and (2):
SNSA HRV = 100 + 100 ×
(
LF/HF d
LF/HF c − 1
)
(3)
PNSA  HRV = 100 + 100 ×
(
HF d
HF c − 1
)
, (4)
here  LF/HF d and HF d are LF/HF and HF during the experiments,
nd LF/HF c and HF c are LF/HF and HF during control measure-
ents.
.6. Procedures
Each subject was seated in a chair with a natural head position
n dim light for 20 min  for dark adaptation and relaxation. Then, we
onducted a series of nine PFR measurements at a rate of one mea-
urement every 20 s (total 3 min), followed by a 2-min rest. Thus,
ne series took 5 min. Then, the subject used a MG  for 25 min, and
ve series of PFR measurements were performed. Finally, two series
f PFR measurements were performed after the subject removed
ig. 4. Time course of changes in autonomic nervous system activity and subjective unple
-test for paired data: * p < 0.05. MGs, mouthguards; SUS subjective unpleasantness score
arasympathetic nervous system activity.Fig. 3. Measurement process of autonomic nervous system activity in this
experiment.  MGs, mouthguards; PFR, pupillary ﬂash response; SUS subjective
unpleasantness  score.
the MG.  In total, eight series of PFR measurements were performed
(Fig. 3). SUS was  estimated immediately after each PFR measure-
ment. The order of experiments using the 3- and 5-mm MGs  was
pseudorandomized.2.7. Statistical analyses
Student’s  t-tests were used to estimate ANSA parameter
differences.
asantness score by pupillary ﬂash responses using 3-mm and 5-mm MGs. Student’s
; PFR, pupillary ﬂash response; SNSA, sympathetic nervous system activity; PSNA,

























aig. 5. Cumulative percentage sympathetic nervous system activity and percenta
ariability. Student’s t-test for non-paired data: **p < 0.01. Error bars indicate sta
upillary ﬂash response; HRV, heart rate variability; SNSA, sympathetic nervous sy
. Results
The unpleasantness of the sensations induced in subjects by the
G were divided based on low and high SUS values. If the maxi-
um SUS during an experiment was above 60, we considered the
ubject to be a high-SUS subject; otherwise, the subject was consid-
red a low-SUS subject. Among 5-mm MG  users, ﬁve subjects were
eemed high-SUS subjects (Fig. 4c) and the other ﬁve were deemed
ow-SUS subjects (Fig. 4f). Among 3-mm MG  users, only one subject
as deemed a high-SUS subject (Fig. 4i) while nine were deemed
ow-SUS subjects (Fig. 4l).
.1. Time course of %SNSA and %PNSA
The mean of nine ﬂash stimulations in one series is plotted
n Fig. 4. %SNSA PFR in high-SUS subjects reached a maximum
120.0%) after 10–13 min  wearing a 5-mm MG,  showing a signif-
cant increase compared with the original level (p < 0.05) (Fig. 4a).
n low-SUS subjects wearing a 5-mm MG,  %SNSA PFR tended to
ecrease and showed a minimum (91.7%) after 10–13 min, with
 signiﬁcant difference compared to the original level (p < 0.05)
Fig. 4d). The SUS increased immediately after inserting the MG  and
eturned to baseline levels immediately after its removal under all
onditions (Fig. 4c, f, i, l).Changes  in %SNSA HRV and %PNSA HRV in both high- and low-
US subjects in both experiments using 5- and 3-mm MGs  were
ery small throughout the experiment relative to those in SNSA PFR
nd %PNSA PFR (data not shown).asympathetic nervous system activity of pupillary ﬂash responses and heart rate
 error of the mean. MG,  mouthguard; SUS subjective unpleasantness score; PFR,
ctivity; PSNA, parasympathetic nervous system activity.
3.2.  Comparison between PFR and HRV analyses
Cumulative changes in %SNSA PFR, %PNSA PFR, %SNSA HRV, and
%PNSA HRV from the original levels while wearing a MG (5–23 min
data: 4 series), excluding data for 0–3 min, which was  regarded as
the accommodation time, were calculated and are summarized in
Fig. 5. Positive values indicate that these activities were increased
by MG wearing, and negative values indicate decreases. Results of
the PFR analysis in high-SUS subjects using a 5-mm MG  showed a
positive averaged cumulative %SNSA PFR (33.8%), and the averaged
cumulative %PNSA PFR was  also positive (15.4%; Fig. 5a).
4.  Discussion
Based on participants’ estimation of subjective unpleasantness
(SUS), the 5-mm MG  induced unpleasant sensations in 50% (5/10),
whereas the 3-mm MG  caused unpleasant sensations in only 10%
(1/10) of subjects. These results suggest that the thickness of the
MG is an important factor in unpleasant sensations. Addition-
ally, because the 5-mm MG covered palatal tissue more widely
than did the 3-mm MG,  the contact area of the MG may also be
an important factor in unpleasant sensations. A previous study
reported that foreign bodies in the oral cavity, such as palatal plates,
cause unpleasant sensations as measured in higher centers in the
brain using electroencephalographic examination [25]. We  suggest
that the trigeminal somatosensory inputs elicited by a MG induce
unpleasant sensations, although the detailed mechanism remains
unknown. We  focused on ANSA in high-SUS subjects using a 5-mm
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The analysis of ANSA in high-SUS subjects using a 5-mm
G showed a large discrepancy between PFR and HRV. Both
umulative %SNSA PFR (33.8%) and %PNSA PFR (15.4%) were pos-
tive (Fig. 5a), but cumulative %SNSA HRV (13.6) and %PNSA HRV
−12.7) were opposite each other in sign (Fig. 5e). In the HRV anal-
sis, sympathetic and parasympathetic nervous system activities
ere interdependent, because HF power reﬂects both sympathetic
LF/HF) and parasympathetic (HF) nervous system activity. For
xample, increased HF power leads to decreased %SNSA HRV and
ncreased %PNSA HRV. Thus, from HRV analysis alone, it is hard
o detect the condition in which both sympathetic and parasym-
athetic nervous system activities increased independently. On
he other hand, from the PFR analysis, it is possible to measure
ympathetic and parasympathetic nervous system activities inde-
endently, as shown in the results of pharmacological experiments
erformed by Yamaji et al. [18]. Although it is commonly assumed
hat sympathetic and parasympathetic nervous system activities
ct antagonistically, some studies have reported that both sym-
athetic and parasympathetic nervous system activities increase
nder speciﬁc conditions, such as motion sickness [26] and hyper-
ravity [20]. Consequently, we consider that the PFR analysis
but not the HRV analysis) showed unpleasant sensation, which
ncreased both sympathetic and parasympathetic nervous system
ctivity in high-SUS subjects who used a 5-mm MG.
In  the present study, SUS changed immediately after inserting
he MG;  following removal of the MG,  SUS returned to base-
ine (Fig. 4c and f). However, in high-SUS subjects using a 5-mm
G, the increase in %SNSA-PFR and %PNSA-PFR seemed to appear
ot immediately after inserting the MG,  but after 10–13 min  had
lapsed, and then continued until the end of the experiment (Fig. 4a
nd b). Thus, ANSA responses evaluated by PFR were delayed
ompared with changes in SUS. Previous studies also showed
hat sympathetic nervous system activity increased signiﬁcantly
ithin 5 min  after smoking [13], signiﬁcant pupillary dilatation was
nduced 30 s after the cold-pressor test, and blood pressure was
igniﬁcantly increased 2 min  after the cold-pressor test [27]. Our
esults suggest that an increase in SUS precedes ANSA responses.
t is likely that the ANSA response is induced by an unpleasant
ensation of incompatible MGs.
Zadik et al. said that unpleasantness and interference with sport
erformance are the most common reasons for sportsmen to not
se MGs, and education and motivation are important [28]. Also,
G use has not spread to many athletes in Japan [29]. One impor-
ant reason may  be that some athletes associate wearing a MG
ith unpleasantness [30]. However, the inﬂuence of MGs  on sports
erformance remains controversial, because of the variety of sports.
The present study showed that both sympathetic and parasym-
athetic nervous system activities were increased by PFR analysis
n subjects with strong unpleasant feelings when wearing a MG.
his result leads us to believe that measures of ANSA responses are
vailable for objectively estimating unpleasant sensations induced
y MGs. Additionally, this means that making MGs  conform better
ith the anatomy of the oral cavity will reduce athletes’ unpleas-
nt sensations. We  expect that producing better MGs  will lead to
ncreased use of MGs, and athletes will play their sports under sta-
le physiological conditions, with their concentration undisturbed
y any discomfort due to their MGs. Studies are in progress to assess
he relationship between sports performance and unpleasant sen-
ations induced by wearing MGs.
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